Baryonic resonances close to the KN threshold: the case of A(1405) in pp collisions 
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We present an analysis of the A(1405) resonance produced in the reaction p + p — > £ + tt^ + K + + p 
at 3.5 GeV kinetic beam energy measured with HADES at GSI. The two charged decay channels A(1405) — > 
have been reconstructed for the first time in p+p collisions. The efficiency and acceptance-corrected 
spectral shapes show a peak position clearly below 1400 MeV/c 2 . We find a total production cross section of 
<7A(i405) = 9.2 ± 0.9 ± O.Tti o A*b. The analysis of its polar angle distribution suggests that the A(1405) is 
produced isotropically in the p-p center of mass system. 



Lying slightly below the K - N threshold (» 30 MeV/c 2 ), 
the broad A(1405) resonance is considered to be strongly 
linked to the antikaon-nucleon interaction. Hence the under- 
standing of this resonance is mandatory to address this issue 
in hadron physics. It was first observed experimentally by 
studying its presence in the Y,ir exit channel in K~ -induced 
reactions |l|]. From a theoretical point of view the A(1405) 
is treated within a coupled channel approach, based on chiral 
dynamics, in which the low-energy K — N interactions can be 
handled yj]. In this Ansatz the A(1405) appears naturally as 



a dynamically generated resonance, resulting from the super- 
position of two components: a quasi-bound K — N state and 
a E7r resonance. 

At present, the molecule-like character of the A(1405) is com- 
monly accepted. However, the contribution of the S7r chan- 
nel to the formation process is still discussed controversially. 
Indeed phenomenological approaches differently from chiral- 
SU(3) predictions Q support the hypothesis that the A(1405) 
can be considered as purely a K~p quasi-bound state and 
suggest experimental methods to test this Ansatz. In gen- 
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eral, models can be constrained above the K — N threshold 
by K~p scattering data and by the measurements of the Kp, 
Kn scattering lengths extracted from kaonic atoms as shown 
in ID. [U. Below threshold, the only experimental observable 
related to the K — N interaction is the A(1405) spectral shape 

extracted from the decays A(1405) ~ 100% > (7rE)°. The au- 
thors of reference Jit] predict for the A(1405) in the reaction 
7 + p -> A(1405) + K° that the spectral function of the three 
final states E~7r + /E 7r°/E + 7r~ should differ because of the 
interference of the isospin and 1 channels. In fact, the mea- 
sured invariant mass distributions of the E-7T states have dif- 
ferent shapes 0], which also vary as a function of the photon 
energy, but the observed shifts of the distributions are not de- 
scribed by the models. 

Furthermore, the approach l3l predicts that the coupling 
of the resonance to the quasi-bound K — N state and the 
"En pole depends on the initial state configuration. The 
observed line shape and pole position of the A(1405) is 
expected to vary for different reactions. Data exploiting 
pion U and kaon fioll beams are scarce, and the reaction 
p + p p + A(1405)(-> E° + 7T°) + K+ has been studied 
hitherto only by the ANKE experiment [1 li] at a beam mo- 
mentum of 3.65 GeV/c. 

Based on the analysis of the reaction 
p + p -> p + K+ + (E + 7r)° at 3.5 GeV kinetic beam 
energy, measured by HADES 1131 . we present the first data 
on the decay of the A(1405) resonance into the E ± 7r T final 
states. The spectral shapes, the polar production angle, and 
the production cross-section of the A(1405) are discussed. 

The properties of the A(1405) resonance have been studied 
in the associated production together with a proton and a K + 
followed by the decay into E ± + ir T pairs where a branching 
ratio of 33.3 % for each decay channel is assumed: 



P + P 



3.5GeV 



> A(1405) + K 



- p 



(1) 



The assumption about the branching ratios of the A(1405) 
decays is motivated by the consideration of the isospin 
symmetries loll and does not take into account the inter- 
ference between the two isospins states 1 and 0. For an 
exclusive analysis, all charged particles (p, K + , ir + , ir~) in 
the final state have been identified employing the momentum 
dependent dE / dx and velocity information lfl4ll . The neutron 
appearing in the reaction (Q} has been reconstructed via the 
missing mass to the four charged particles p, 7r , ir T , K + 
and has been selected via a 2.4 a cut around the nominal 
neutron mass (see Fig. 1 in fl5lo . The intermediate E + 
and E~ hyperons have been reconstructed via the missing 
mass to the proton, the K + and either the 7r~ or the 7r + (see 
Fig. 4 in Bon . 3 a mass cuts around the nominal masses 
of the E + and E _ hyperons allow to extract the A(1405) 
signal corresponding to the two decay modes into E + 7r~ 
and E~7r + . After the subtraction of the misidentification 
background due to the limited kaon identification flill . the 
A(1405) spectral shape for both decay channels can be ana- 
lyzed in the missing mass spectra to the proton and the K + , 
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FIG. 1. (Color online) Missing mass MM(p,K + ) distributions for 
events attributed to the £ + 7r~ decay channel a) and to the E~7r + de- 
cay channel b). Panel c): sum of both spectra from panels a) and b). 
The gray dashed histogram shows the sum of all simulated channels 
if the A(1405) is simulated with its nominal mass of 1405 MeV/c 2 . 
Colored histograms in the three panels indicate the contributions of 
the channels ( 1115b obtained from simulations. Data and simulations 
are acceptance and efficiency corrected. The gray boxes indicate sys- 
tematic errors. 



MM(p, K+). Figure Q] shows the MM(p,K+) distributions 
for the E + 7T~ a) and E _ 7r + b) decay channels. The black 
dots correspond to the experimental data. Together with the 
reaction (1) the following contributions have been considered: 



p + p -> 

E(1385)° +p + K+ 12 f E± 



P + K+, (2) 
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A(1520) +p + K+ S ± + tt^ +p + A'+, 



7T ±p + A'+, 
(1232) + S" + K~ 



100% 



(3) 
(4) 

K+. (5) 



Full scale simulations of these channels have been carried out 
and the relative contribution of each of them has been eval- 
uated from a simultaneous fit to the two missing mass distri- 
butions MM(p,K+,7r ± ) together with the two MM(p,K+) 
distributions lfl5ll . The area around 1400MeV/c for 
MM(p, K + ) has been excluded from the fit in order to not 
bias the finally extracted shape of the A(1405) resonance by 
the simulated A(1405) shape. In total, a normalized \ 2 value 
of x 2 /ndf w 1.3 has been obtained. Figure Q] shows the con- 
tributions of the different channels together with their inco- 
herent sum (gray histogram, solid line). 

The data and the full-scale simulations shown in Fig.Q]a)-c) 
are corrected for acceptance and efficiency and the statistical 
and systematic errors for both, experimental data and simu- 
lations are displayed. The finite geometrical acceptance of 
HADES and the total reconstruction efficiency have been cal- 
culated using full-scale simulations of the channels (1-5), in- 
cluding the correct angular distribution for these channels as 
described below. The systematic errors shown in Fig. [T] have 
been obtained by varying the selection cuts by ± 20% and the 
angular distribution of the simulated reactions (4) and (5) by 
±30%. 

The experimental data (black dots) in Fig. Q] a) and b) 
show two distinct peak structures. The one slightly be- 
low 1400McV/c 2 is mainly due to the A(1405) resonance, 
whereas the second peak around 1500 MeV/c 2 is attributed to 
the A(1520) resonance. The relative contribution of A(1405) 
and E(1385)° can not be determined by fitting the simulations 
to the experimental data since their mass spectra overlap com- 
pletely. However, in the analysis of the neutral decay chan- 
nels the two particles can be separated to some extend. The 
A(1405) has a 33.3% branching ratio into the £°7r° chan- 
nel whereas this decay is forbidden for the S(1385)° due to 
isospin conservation. By analyzing the decays A(1405) — > 
S° + 7T° and E(1385)° ->■ A + n° JH] the cross-section 
for the £(1385)° was estimated to be cte(1385)° = 5.56 ± 
0.48^J'Qg /ib. The uncertainty of the angular distribution of 
£(1385)° has been included in the systematic error of the pro- 
duction cross-section by considering the two extreme cases of 
an isotropic distribution for the £(1385)° and of the same an- 
gular distribution as measured for the £(1385) + flill . The 
obtained cross-section for the £(1385)° has been utilized to 
calculate the relative contribution to the MM(p, K + ) spec- 
trum shown in Fig. [T]by the magenta histogram. The sys- 
tematic uncertainties have been propagated accordingly. Fig- 
ureQ]c) shows the sum of the distributions from the two final 
states A(1405) — > S ± 7r T for experimental data and simu- 
lations. The good agreement between the corrected experi- 
mental data and the simulation (gray histogram, solid line) is 
obtained by simulating the A(1405) as a relativistic s-wave 
Breit-Wigner distribution with a width of 50MeV/c 2 and a 
pole mass of 1385 MeV/c . Using instead the nominal mass 
of 1405 MeV/c results in the gray dashed histogram in Fig.Q] 



c) which fails to describe the experimental A(1405) peak 
structure. The difference is expressed by the two \ 2 values 
of 0.6 and 2.1 respectively. 

A good fit is also obtained, if the cross-section of the 
£(1385)° is not fixed and the A(1405) is generated with its 
PDG values for mass and width. In this scenario the produc- 
tion cross-sections obtained for the A(1405) and £(1385)° 
are approximately 3 and 50 /ib respectively. The cross-section 
of the £(1305)° would then largely exceed the value reported 
in 116'] and also the measured cross-section for the £(1385) + 
(22 /ib) in the same data sample. This contradicts the findings 
at higher energies reported in |18], where cross-sections of 
7 /ib and 15 /ib are measured for the £(1385)° and £(1385)+ 
hyperons, respectively, produced in p+p collisions at 6 GeV. 
These arguments strongly disfavor this second scenario. On 
the other hand, one should mention that, analog to the Soding 
mechanism 11911 . interferences of resonant and non-resonant 
amplitudes with the same exit channel can cause an apparent 
shift of the peak of the spectral distribution without a change 
of the A(1405) pole mass. Our efficiency and acceptance- 
corrected experimental data are hence a perfect tool to test 
different theoretical models. 

The different sources contributing to the missing mass spec- 
tra shown in Fig. [T]have been studied in terms of their polar 
angle (8) in the p+p center of mass system. The results pro- 
vide on the one hand constraints on possible production mech- 
anisms of the A(1405) and allow on the other hand to com- 
pute the acceptance corrections. The polar angle of the miss- 
ing momentum vector to the (p — K + ) system, MV(p,K), 
has been investigated. The resulting angular distribution of 



,mv(p,k; 

CMS 



has been been divided into three intervals. 



Each of the three resulting subsamples is treated in the same 
way as described for the angle integrated event sample, mean- 
ing that the simulated distributions of MM(K,p) have been 
fitted to the experimental ones. In the fits the polar angle 
distribution of the £(1385)° was assumed to be the same as 
reported in |fl4ll , for the £(1385) + . Corrected experimental 
MM(p, K + ) distributions like those in Fig. [T]have been ob- 
tained in each bin of cos ^cms P ' K ') ■ r ^ rie cross-sections of 
the reactions [T]|5] are the integrals of the simulated distribu- 
tions. The results are plotted as a function of cos ^cms P 
in Fig. |2 The shown systematic errors are obtained by vary- 
ing the different selection cuts as described above by ±20 %. 
The results suggest that the A(1405) as well as the A(1520) 
are produced rather isotropically, whereas the production in 
the channels and Q is obviously anisotropic. The ob- 
served angular distributions have been included by folding the 
simulations of the reactions © and © with the red curves 
shown in panel a) and b) of Fig. [2] respectively, whereas the 
A(1405) and A(1520) production has been simulated isotrop- 
ically. These simulations have been used to produce the ac- 
ceptance and efficiency corrections applied to the data shown 
in Figs. [T]and [2] The curvatures of the functions shown in 
panels a) and b) in Fig. [2] have been varied within 30 % and 
the simulations have been folded with the obtained angular 
distributions. The resulting uncertainty has been included in 
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the systematic errors shown by the gray shaded boxes in Figs. 
Q]and|2] 

The simulation model obtained from this analysis has been 
tested for several other observables and overall a good agree- 
ment with the experimental data is obtained IU7I1 . 
Finally our corrected spectra allow to extract cross-sections 
for the channels (Q][5]). This is again done by integrating the 
simulated spectra and using the statistical errors from the ex- 
perimental data. We get the following values: 

Op P ^A(i405)pif+ = 9- 2 ± 0.9 ± 0.7±{ M b > (6) 

v P p^A(i52o) P K+ = 5.6 ± 1.1 ± OAtll fJb, (7) 

p pp ^+*- p k+ = 5.4 ± 0.5 ± 0.4^:2 fJb, (8) 

o-»^a++e-jc+ = 7-7 ± 0.9 ± 0.5±g;| (ib. (9) 

The first error gives the statistical error, the second one gives 
the systematic error from the normalization to the p+p elas- 
tic cross-section and the last error is the error obtained from 
the systematic variations mentioned above. Figure [3] shows a 
compilation of the production cross-section as a function of 
the excess energy e for the channels p + p — > A + K + + p 




FIG. 2. (Color online) Differential cross-section for the different 

simulated reaction channels as a function of cos f#CMg P ' K J for the 

£ + 7r~ decay channel a) and the £ - 7r + decay channel b). The cross- 
sections are obtained by integrating the simulations, which have been 
fitted to the experimental data. The gray boxes indicate the system- 
atic errors. The full line shows the angular distribution used to fold 
the simulation of the reactions p + p — s> E + + tv~ + p + K + and 
p + p — > A ++ + E~ + K + respectively. 



10 2 F 




,-2 6 I I I L 

100 200 300 400 

e [MeV] 



FIG. 3. Compilation of production cross-sections as a function of the 
excess energy e for the reactions p + p — > A + K + + p from I2CI1 . 
p + p -+ A(1405) + K + + p from (TJ] and this work. See text for 
details. 



H 7 ! and p + p -> A(1405) + K+ + p HI. The solid curve 
shown in Fig. [3] corresponds to the parametrization of the A 
production discussed in ll20h . The dashed curve has been ob- 
tained by scaling the parametrization of the A by a factor 1/3. 
One can see that the dependence of the A(1405) production 
cross-section upon the energy seems to follow the same be- 
haviour as exhibited by A production in p+p collisions. 

The £ + 7r~ and £~7r + decay channels of the A(1405) have 
been studied for the first time in p+p collisions at 3.5 GeV. 
These results can substantially contribute understanding the 
nature of A(1405) which is considered as the key stone for 
the study of the K — N interaction. The obtained results indi- 
cate a shift of the A(1405) resonance in p+p reactions to val- 
ues clearly below 1400 MeV/c 2 with a maximum of the mass 
distribution around 1385 McV/c for both decay channels. If 
one considers the values of the masses of the two K — p and 
S7r poles recently constrained more precisely by new data on 
kaonic-hydrogen l2lll . our result suggests that in p+p colli- 
sions the contribution by the Yj-k pole to the formation of the 
A(1405) might be dominant. 

The here presented mass distributions differ from the one 
measured in 7- and K-induced reactions 10, OH and also from 
the measurement of the A(1405) -> S°7r° in p+p at 2.85GeV 
collisions fTTIl and the corresponding theoretical study l22tl . 
The fact that the S7r spectra connected to the A(1405) reso- 
nance strongly differ among different reactions indicates that 
the production mechanism depends upon the entrance channel 
and that precise measurements exploiting different beams are 
necessary together with a theory able to describe at the same 
time all the experimental results. However, by interpreting 
this result one should take into account that the interference 
effects between the different channels might play an impor- 
tant role. 

The angular distributions of the A(1405) and A(1520) in 
the CMS are rather isotropic, suggesting a large momentum 
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transfer in the production mechanism. A total cross-section 
°f fA(i405) = 9.2 ± 0.9 ± 0.7^'Q/ib was reconstructed, 
which is about a factor of two smaller than the cross-section 
extracted for the S(1385) + Hill . The comparison of the 
A(1405) production cross-section with the systematics 
measured as a function of the excess energy for the ApK + 
final state shows that the two available data points are in 
agreement with the phase-space trend measured for the A 
production. A comparable production cross-section has been 
extracted for the reaction pp — > A ++ E _ K + underlining the 
role played by A resonances in the production mechanisms 
discussed here. Considering the hypothesis that the A(1405) 
might be a doorway for the formation of kaonic bound states, 
the numbers presented here are a necessary bench mark for 
theory to correctly address the formation of states like ppK~ 



produced in p+p collisions further decaying into p + A. 
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